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Abstract 
The catalytic wet peroxide oxidation (CWPO) of the imidazolium-based ionic liquids 1-
butyl-3-methylimidazolium chloride (BmimCl), 1-butyl-3-methylimidazolium acetate 
(BmimAc), 1-butyl-3-methylimidazolium bis(trifluoromethanesulfonyl)imide 
(BmimNTf2), 1-hexyl-3-methylimidazolium chloride (HmimCl) and 1-decyl-3-
methylimidazolium chloride (DmimCl) was examined by using a Fe catalyst supported 
on alumina (Fe2O3/Al2O3) that was prepared by incipient wetness impregnation. 
Variable H2O2 doses from 0.5 to 1.5 times the stoichiometric value provided similar 
results in terms mg TOC removed per mg H2O2 decomposed at 80 ºC (0.033 mgTOC 
mgH2O2–1), all allowing complete Bmim+ removal. Raising the reaction temperature to 
90 ºC increased the mineralization rate up to 40 % TOC conversion. Differences in 
TOC conversion among counteranions (chloride, acetate and NTf2-) were negligible. A 
plausible reaction pathway is propose involving hydroxylated compounds and short-
chain organic acids as reaction byproducts. CWPO markedly increased the subsequent 
biodegradability of the IL test solutions and led there to TOC conversions after CWPO-
biodegradability assays of 55–60 %. The Fe2O3/Al2O3 catalyst exhibited high long-term 
stability; thus, it retained most of its properties and underwent negligible Fe leaching. 
Keywords: Imidazolium, Heterogeneous Fenton, Ionic liquids, Sewage sludge, 
Toxicity, Biodegradability  





1. Introduction  
Ionic Liquids (ILs) are salts with melting points below 100 ºC formed by an organic 
cation and an organic or inorganic anion of widely variable nature. ILs can possess a 
low vapor pressure, good chemical and physical stability, and a high solubility in water, 
all of which have aroused much attention with a view to their industrial application in 
green chemistry [1–3]. However, ILs are not necessarily “green” solvents, even though 
they are less polluting than the typical volatile organic solvents. In fact, the toxic nature 
and low biodegradability in water of cetain ILs may raise environmental concerns 
arising from their persistence in water [4–7] and polluting potential [8–10].  
The imidazolium family of ILs is probably the most extensively studied on account of 
their wide use as solvents in major chemical (catalysis, biocatalysis, synthesis) and 
electrochemical processes. As a result, these compounds, which essentially consist of an 
aromatic heterocycle containing two nitrogen atoms —one in cationic form—, can reach 
industrial wastewater through production processes and use [11]. Some studies have 
examined the ecotoxicity and biodegradability of imidazolium ILs to assess their 
potential hazards for the aquatic environment [4–6,12–15]. The ecotoxicity of 
wastewater or inhibitory compounds in aquatic environments is typically assessed with 
microorganisms such as bacteria or algae, or fish [7,15,16]. Overall, the ecotoxicity of 
imidazolium-based ILs depends on the particular cation and anion. As far as the cation 
is concerned, ecotoxicity increases with increasing length of the alkyl chain [7,17]; for 
example, EC50 values, the concentration of a pollutant that reduces microbial activity by 
50 %, against Vibrio fischeri have been found to increase from 8.12 mM with a chain of 
4 carbon atoms to 12.3 µM with one of 10. Ionic liquids such as BmimCl [4] or Bmim 
ethyl sulfate [15] have EC50 values similar to those for conventional organic solvents 
such as dichloromethane or chloroform [18]. However, BmimBr shows much lower 





effective concentration than conventional solvents (e.g., 700 times more than methanol 
against Selenastrum capricornutum [12]). Also, fluorine-containing anions such as 
bitriflimide and tetrafluoroborate are more ecotoxic for Vibrio fischeri than other anion 
moieties [19].  
Biodegradability in imidazolium ILs is seemingly related to the length of the alkyl side 
chain. By using a modified OECD Guideline (OECD 1992), Docherty et al. [20] 
showed that, although HmimBr and OmimBr ILs are classified as non-readily 
biodegradable, they can be partially mineralized by an activated sludge microbial 
community incubated for 25 h. Thus, they obtained a TOC conversion of 54 and 41 % 
for HmimBr and OmimBr, respectively, but found the concentration of BmimBr to 
remain unchanged; therefore, a longer alkyl side chain resulted in faster degradation 
rates. On the other hand, Stolte et al. [21] used a modified version of OECD guideline 
301 D to measure IL cation concentrations by HPLC–UV. They observed primary 
biodegradation of activated sludge (5 g L–1) with HmimCl and OmimCl (viz., 11 and 
100 % of removal, respectively, after 21 days), but no degradation with BmimCl. The 
proposed biodegradation pathway for these imidazolium-based ILs includes 
transformation of the alkyl chain but no change in the imidazolium ring [9,21]. 
Based on the foregoing, it is essential to know whether destructive technologies such as 
advanced oxidation processes (AOPs), which have so far provided excellent results in 
removing refractory or nonbiodegradable pollutants from wastewater streams, are also 
efficient in detoxifying IL-polluted effluents [22,23]. Scarce research has to date been 
conducted on the degradation of imidazolium ILs by AOPs. In one study, boron-doped 
diamond electrodes were used to analyze the electrochemical oxidation of imidazolium 
ILs for the influence of the anions in Bmim-based ILs; degradation was fastest with 
BmimCl and slowest in the presence of an aromatic anion (CH3C6H4SO3) [24]. 





Siedlecka et al. (2012) studied the influence of the cation on the electrochemical 
oxidation of BmimCl and OmimCl with a PbO2 anode and found their degradation rate 
to be quite similar and slightly higher than that of Omim [25]. COD removal with 
BmimCl and OmimCl was 80 and 75 %, respectively, and nitrogen conversion to 
ammonium and nitrate ions 80 and 60 %, respectively. Pieczynska et al. [26] examined 
the influence of temperature and pH, and found it to be negligible in BmimCl 
electrochemical oxidation; also, they proposed a reaction pathway for imidazolium-
based ILs involving carboxylic acids of low molecular weight, CO2, H2O, NH4+ and 
NO3– as end products. Garcia-Segura et al. [27] studied various electroprocesses for the 
abatement of 1-Ethyl-3-metylimidazolium chloride (EmimCl) by degradation and found 
electro-Fenton and photoelectron-Fenton to boost degradation of the cation and 
mineralization (TOC conversions were close to 80 % in all cases). Recent studies of 
bare-electrolysis, photoelectrolysis, sonoelectrolysis and electrolysis in presence of 
sulfates anions reveals that the NTf2- anion is recalcitrant to electroxidation processes, 
although are effectives in the degradation of the imidazolium cations, with TOC 
conversions near 90% in the BmimCl electrolysis with sulfates anions [28–30]. 
Ultraviolet photolysis, photolysis plus hydrogen peroxide (UV/H2O2) and photocatalysis 
with TiO2 at room temperature for the removal of BmimCl, HmimCl and OmimCl 
revealed that the extent of degradation decreased with increasing size of the alkyl side 
chain and was 60, 85 and 95 %, respectively [31]. Czerwicka et al. [32] studied the 
degradation of the imidazolium chloride family of ILs with H2O2/UV and found the 
process to involve a large number of intermediate degradation products. A recent study 
revealed an increased ecotoxicity of such intermediates to Daphnia magna and 
Raphidocelis subcapitata in the UV/H2O2 effluent [33]. As can be seen, Siedlecka et al. 
(2008 and 2009) studied the Fenton reaction of Bmim-based ILs at a 1 mM 





concentration allowed complete degradation of the cations within 150 min; the outcome 
was strongly influenced by the IL anion, BmimCl being the least easily degraded IL and 
BmimCF3SO3 the most [34,35]. Munoz et al. (2015a,b) studied the influence of the 
reaction temperature by using a 1 g L–1 concentration of EmimCl, 50 mg L–1 Fe3+ and 
the stoichiometric amount of H2O2; raising the temperature from room level to 50–90 ºC 
ensured complete degradation within 5 min and mineralization rates of 30–50 % in all 
cases [36,37]. Catalytic wet peroxide oxidation (CWPO), which involves the formation 
of HO· radicals by catalytic decomposition of H2O2 in an acid medium containing a 
supported Fe catalyst [38], has been successfully used to degrade imidazolium-based 
ILs. Thus, Munoz et al. [39] examined the degradation of EmimCl, BmimCl and 
OmimCl (1 g L–1) with three different catalysts (Fe3O4/Al2O3, Fe3O4/AC Graphite) by 
using a stoichiometric amount of H2O2 at 90 ºC at pH 3. These conditions allowed 
complete removal of EmimCl within 5 min and provided mineralization rates around 
40-50 %. The degradation rate was only slightly influenced by the length of the alkyl 
chain. Poza-Nogueira et al. [40] studied the heterogeneous electro-Fenton using iron 
alginate spheres of 1,3-Bis(2,4,6-trimethylphenyl)imidazolinium chloride achieved a 
77% of TOC abatement in 2 h of treatment. 
Table 1 summarizes the main results reported in the literature about the abatement of 
imidazolium ILs by Fenton and CWPO oxidation.  





Table 1. Summary on the application of Fenton and CWPO oxidation to imidazolium-based ILs. 








[IL] = 1 mM, [Fe2+] = 0.5-1.5 mM,   
[H2O2] = 10-400 mM, T = 25 ºC, pH0: 3-4 
 
100/150 min - 
Siedlecka 









[IL] = 1 mM, [Fe2+] = 1 mM,  
[H2O2] = 100 mM, T = 25 ºC, pH0: 3 
 
100/45-150 min - 
Siedlecka 













[IL] = 1000 mg L-1, [Fe3+] = 50 mg L-1,  
[H2O2] = stoichiometric dose,  
T = 50-90 ºC, pH0: 3 
85-100/10-240 
min 10-65/240 min 
Dominguez 





[IL] = 1000 mg L-1, [Fe3+] = 10-125 mg L-1,  
[H2O2] = stoichiometric dose,  
T = 50-90 ºC, pH0: 3 
100/<10 min 18-56/240 min 
Munoz et 










[IL] = 1000 mg L-1, [Fe3+] = 50 mg L-1,  
[H2O2] = stoichiometric dose,  
T = 70 ºC, pH0: 3 
- 44-80/240 min 
Munoz et 
al. 2015 b 
[36] 










[IL] = 0.5-10 mM, [Fe2+] = 0.5-5 mM,  
[H2O2] = 5-50 mM, T = 25-70 ºC, pH0: 3-11 








[IL] = 100-1000 mg L-1, [Fe3+] = 10-50 mg L-1,  
[H2O2] = 50-200 % stoichiometric doses,  
T = 50-90 ºC, pH0: 3 
 
100/1.5-5 min - 
Dominguez 






[IL] = 1000 mg L-1, [Fe3+]/[H2O2] = 1/10 
(M/M), [H2O2] = 20-100 % stoichiometric 
doses,  
T = 70 ºC, pH0: 3 
 












[IL] = 1000 mg L-1, [ γ ] = 2 g L-1, 
[H2O2] = stoichiometric dose, 
T = 90 ºC, pH0: 3 
 





[IL] = 1000 mg L-1, [ ] = 2 g L-1,  
[H2O2] = stoichiometric dose, 
T = 90 ºC, pH0: 3 
 
100/30 min 43/240 min 
 
[IL] = 1000 mg L-1, [ ] = 2 g L-1,  
[H2O2] = stoichiometric dose, 
T = 90 ºC, pH0: 3 
 







[IL] = 0.5 g L-1, current = 100-300 mA,  
[ ] = 3.2-5.33 g L-1, pH0: 3 
 














[IL] = 0.2-0.8 mM, current = 50-300 mA,  
[ ] = 1-5 g L-1, pH0: 3 
 
- 36-77/120 min 
Pazo-
Nogueira 
et al. 2018 
[40] 
 *Imidazolium cation conversion 





The main aim of this work was to assess the efficiency of CWPO with an Fe2O3/Al2O3 
catalyst to detoxify synthetic wastewater polluted with imidazolium ILs (BmimCl, 
BmimAc, BmimNTf2, HmimCl and DmimCl) focusing on the influence of the operating 
conditions (temperature and H2O2 dose) and IL structure (nature of the anion and length 
of the alkyl chain), including a possible reaction pathway for the Bmim+ imidazolium 
cation. The biodegradability enhancement and the acute toxicity (towards Daphnia 
magna) of the effluents have been also evaluated. Finally, the stability of the catalyst is 
studied in long-term continuous experiments, including the catalyst characterization 
before and after the CWPO reactions. 
 
2. Material and methods  
2.1. Ionic liquids 
The ILs studied, which included 1-butyl-3-methylimidazolium chloride (BmimCl, > 
98 % purity), 1-butyl-3-methylimidazolium acetate (BmimAc, > 95 % purity), 1-butyl-
3-methylimidazolium bis(trifluoromethanesulfonyl)imide (BmimNTf2, > 99 % purity), 
1-hexyl-3-methylimidazolium chloride (HmimCl, > 97 % purity) and 1-decyl-3-
methylimidazolium chloride (DmimCl, > 96 % purity), were purchased from either 
Iolitec or Sigma–Aldrich. Table 1S shows the structure of the cations and anions 
selected in this study.  
 
2.2. Preparation and characterization of the Fe2O3/Al2O3 catalyst 
The Fe2O3/Al2O3 catalyst was prepared by incipient wetness impregnation of Al2O3 
supplied by Merck (Germany), using an aqueous solution of Fe(NO3)3·9H2O to obtain a 
nominal 4 % (w/w) concentration. Once impregnated, the solid was dried at 60 ºC for 
12 h and calcined for 4 h at 300 ºC, which was reached at 3 ºC min–1 [46]. 





The catalyst was characterized as follows before and after use in the CWPO reaction. 
Nitrogen adsorption–desorption isotherms at 77 K were obtained by using a 
Micromeritics Tristar 3020 automated volumetric gas adsorption instrument. The 
samples (0.15 g) were degasified at 150 ºC for 7 h in a Micromeritics VacPrep 061 
degassing system under vacuum to determine their BET area and total volume of 
mesopores. The iron content of the catalyst was determined by total reflection X-ray 
fluorescence (TXRF) spectroscopy, using a TXRF Extra-II Rich & Seifert spectrometer 
equipped with an Si–Li detector. C, H, N and S were quantified with a LECO CHNS-
932 elemental analyzer. The composition and the Fe species of the catalyst surface was 
determined by X-ray photoelectron spectroscopy (XPS) on a Physical Electronics 
5700C Multitechnique instrument from Physical Electronics using MgKa radiation 
(1253.6 eV) in combination with energy dispersive X-ray spectroscopy analysis 
(EDAX). The morphology and surface composition of the catalyst were analyzed by 
Scanning Electron Microscopy–Energy Dispersive X- ray spectroscopy (SEM-EDX) 
with a Hitachi S-3000N apparatus. The crystalline phases in the catalysts were analyzed 
by X-ray diffraction (XRD) using a Siemens model D-5000 diffractometer with Cu Kα 
radiation. 
Table 2 collects the main characteristics of the fresh Fe2O3/Al2O3 catalyst. A total Fe 
content of 3.9 % w/w is uniformly distributed on the catalyst surface as evidence the 
FeTXRF/FeXPS ratio and the SEM analysis (Figure 1S). The XPS spectrum of the Fe 2p 
region (Figure 2S) presents a main band centered at 711.4 eV, accompanied by a 
secondary one at 725.1 eV, and a satellite peak around 719.0 eV associated to the 
presence of Fe3+ species in the catalyst surface, as has been previously reported [47,48]. 
XRD analysis indicated that the catalyst presents two crystalline phases, γ-Al2O3 and 





hematite, α-Fe2O3 (Figure 3S). The N2 adsorption-desorption isotherm corresponds with 
a mainly mesoporous material (Figure 4S). 
Table 2. Representative characterization of the fresh and used Fe2O3/Al2O3 catalyst in a 
long-term experiment at 80 h ([BmimAc] = 1 mM, [H2O2] = 27 mM, pH0 = 3, τ = 3.33 




Fresh  Used  
FeTXRF (w/w %) 3.90 3.86 
FeXPS (w/w %) 4.60 4.56 
FeTXRF/FeXPS 0.85 0.86 
BET area (m-2 g-1) 131 120 
Vmesopore (cm3 g-1)  0.134 0.110 
 
2.3. CWPO experiments  
CWPO runs were conducted in duplicate at atmospheric pressure in a 400 mL glass 
batch reactor equipped with a magnetic stirrer (500 rpm) and temperature control. The 
starting concentration of IL was 1 mM, the catalyst concentration 1000 mg L–1 (40 mg 
Fe L–1), and the initial pH 3. The variables studied were [H2O2]0 (0.5–1.5 times the 
stoichiometric doses, which was the theoretical amount of H2O2 needed for complete 
mineralization to CO2, H2O and N2 of the starting compound) and reaction temperature 
(70–90 ºC). Blank runs in the absence of catalyst were also carried out at all 
temperatures and negligible conversions of all ILs (< 3%) invariably obtained in them. 
The process was monitored by periodically analyzing samples from the batchwise runs. 
A Fenton run was also performed in parallel for comparison with CWPO by using the 
same Fe concentration (40 mg L–1, provided by FeCl3·6H2O salt), 1 mM BmimCl, the 
stoichiometric amount of H2O2, pH 3 and 80 ºC. Long-term runs (80 h on stream) were 
performed in a continuous stirred batch reactor (CSTR) fitted with a Gilson FC 203B 
autosampler to collect reaction aliquots. The ionic liquids and H2O2 were fed to the 





reactor at a 1 mL min–1 flow rate in order to deliver an IL concentration of 1 mM and 
the stoichiometric H2O2 dose for a space–time of 3.33 kgFe2O3/Al2O3 h molIL–1. IL 
concentrations were determined on a Varian Prostar 325 high performance liquid 
chromatograph equipped with an UV–Vis detector operated at 218 nm and furnished 
with a Synergy 4 mm Phenomenex Polar-RP 80 A column 15 cm long × 4.6 mm i.d. as 
stationary phase. The mobile phase, run at 0.75 mL min–1, was a mixture of phosphate 
buffer and acetonitrile at different concentrations from 5 to 40 % v/v depending on the 
particular imidazolium cation. Short-chain organic acids (formic, acetic, malonic and 
oxalic) and anionic species (chloride and nitrate) were determined on a DIONEX ICS-
900 ion chromatograph with chemical suppression furnished with a Dionex IonPac 
AS22 4 × 250 mm column and using 1.4 mM NaHCO3/4.5 mM Na2CO3 at 1 mL min–1 
as mobile phase. TOC was measured with a Shimadzu TOC-VCSH TOC analyzer, and 
H2O2 by colorimetric titration on a Cary 60 UV/Vis spectrophotometer from Agilent 
that was used at 410 nm to monitor the formation of the Ti(IV)–H2O2 complex [49]. 
Iron leached from the catalyst to the liquid phase was measured by colorimetric titration 
at 510 nm (the o-phenanthroline method) [50]. NTf2– anion was identified by liquid 
chromatography coupled with mass spectrometry (LC/MS SQ Agilent), using an ACE 
Excel 3 C18-Amide 150 × 4.6 mm column at 40 ºC as stationary phase and a 10:90 v/v 
mixture of formic acid and acetonitrile at 0.2 cm3 min–1 as mobile phase. This 
instrument was also used for the tentative identification of reaction byproducts; by 
exception, the mobile phase was a 99.9:0.1 v/v mixture of water and formic acid, and its 
flow rate 0.5 mL min–1. Mass spectra were acquired over the m/z range 40–400. 
The initial IL solutions and CWPO reaction effluents were assessed for biodegradability 
in terms of toxicant removal efficiency, which was in turn measured in terms of IL and 
TOC concentrations, and of microbial activity [51–53]. For this purpose, a closed 





reactor was loaded with unacclimated sludge (350 mg L–1) and the target compound. 
The specific oxygen uptake rate (SOUR) profile was measured interrupting the air 
supply and registering the dissolved oxygen decay within a range of 0.1 mg L–1 , 
obtaining the oxygen uptake rate (OUR) as the slope of the oxygen concentration vs 
time plot, and relating it to the biomass concentration added in the reactor.  All runs 
were carried out at 25 ºC for 100 h.  
Daphtoxkit F (MicroBioTest Inc., Gent, Belgium) was used for 48 h to conduct an acute 
immobilization test with Daphnia magna according to ISO 6341. Solution 
concentrations were adjusted to the particular IL, namely: 5–250 mM for BmimCl, 
BmimAc and BmimNTf2; 1–50 mM for HmimCl and 0.05–20 mM for DmimCl. All 
runs were done in duplicate, using four replicates of each concentration in 10 mL of 
mineral medium (controls) or solution of test substances in mineral medium. Each 
replicate involved using five pre-fed Daphnia neonates that were less than 90 h old and 
obtained at 20 °C under continuous lighting. Sample toxicity was assessed from the 
number of immobilized or dead organisms after 24 and 48 h as a fraction of unaffected 
organisms compared to the controls. 
 
3. Results and discussion 
3.1. CWPO of Bmim-based ILs 
Preliminary runs were used to assess the degradation of the model IL BmimCl under 
identical conditions in the Fenton and CWPO reaction. As can be seen from Figure 1, 
Bmim+ was degraded more rapidly in the homogeneous reaction (complete removal 
took only 30 min) than by CWPO, which took more than 60 min. The pH value slightly 
decreased from 3.0 to 2.8, due to the formation of carboxylic acids as final reaction 
products. The initial reaction rate for Bmim+ disappearance was estimated to be 4.1·10–1 





min–1 and 5.2·10–2 min–1 for Fenton and CWPO, respetively. The difference can be 
ascribed to the fact that the hydrogen peroxide uptake was initially (first 15 min) three 
times higher with Fenton but then changed similarly in both reactions and approached 
80 % after 240 min. As shown by the increased mineralization achieved relative to 
CWPO, BmimCl was more efficiently oxidized by the Fenton reagent. Fe leaching 
during the CWPO reaction was less than 0.04 mg L-1 and similar to previous results for 
alumina-supported Fe catalysts in other CWPO reactions [46,54]. Therefore, any 
contribution of the homogeneous reaction to the CWPO process must have been 
negligible. 
The influence of the H2O2 concentration, the highest cost related to the CWPO process, 
on the CWPO reaction of BmimCl was studied by using variable H2O2 doses from 0.5 
to 1.5 times the stoichiometric value (12–36 mM) at 80 ºC ([IL]0 = 1 mM, 
[Fe2O3/Al2O3]0 = 1g L-1, pH 3, 240 min). Based on the results, the lowest H2O2 dose led 
to the lowest Bmim+ degradation. However, no significant differences in Bmim+ 
reaction rate were observed with an amount of H2O2 equivalent to 1 or 1.5 times the 
H2O2 stoichiometric concentration. H2O2 conversion during the CWPO reaction evolved 
identically with 0.5 and 1.0 times the H2O2 stoichiometric doses, but was slightly higher 
with the highest dose (1.5 times the stoichiometric amount). Despite of TOC conversion 
at the end of the reaction ranged from 11 and 34 %, which was proportional to the initial 
H2O2 concentration, but a H2O2 dose superior to 2 times of stoichiometric did not cause 
the same increment (data not shown). The Fe leaching increased when the H2O2 dose 
increased (Figure 2b), but in all cases these value are below 0.05 mg L-1. The H2O2 
uptake efficiency as measured through the amount of TOC removed per unit H2O2 
decomposed was 0.033 mgTOC mgH2O2–1 in the range of the initial H2O2 concentrations 
studied. This value is 3.4 times lower than that previously obtained in the degradation of 





phenol with a γFe2O3/Al2O3 catalyst [46] and bisphenol A with a Fe-carbon support 
obtained from grape seeds [53]. Figure 3 shows the evolution of short-chain acids 
(formic, acetic, malonic and oxalic) during the CWPO reaction. The rates of formation 
and disappearance of formic and malonic acid increased with increasing H2O2 dose. On 
the other hand, the concentrations of acetic and oxalic acid, which have been deemed 
refractory to CWPO, increased with increasing dose. Although no nitrite anion was 
detected in the reaction medium, a concentration of 0.06 mM of nitrate anion was 
quantified due to the degradation of the imidazolium ring. In order to confirm whether 
chloride anion took part in the reaction, the CWPO of BmimCl, which was conducted 
with a IL concentration of 1 mM and the stoichiometric amount of H2O2 at 80 ºC at pH 
3, was also performed by using 1 mM HNO3 instead of HCl to adjust the pH of the 
medium. Chloride anion remained unchanged under the alternative conditions, and, 
unlike the electrolytic process, no chlorate or perchlorate ion was formed [55]. 
Apart from short-chain acids and nitrate anion, heteroaromatic and hydroxylated 
derivatives of 1-butyl-3-methylimidazolium oxidation were identified by LC–MS at 
different CWPO reaction times for BmimCl. Figure 4 depicts a potential reaction 
pathway for Bmim+ in the CWPO reaction. The initial cation, with m/z = 139, may have 
undergone a hydroxyl radical attack on its side-chain or even oxidation of the 
imidazolium ring, as other authors suggest for imidazolium ILs in Fenton reaction 
[37,44]. The second step involves cleavage of the alkyl chain leading to the formation of 
different heteroaromatic compounds which are degraded to open-ring intermediates. 
Subsequent degradation of these compounds gives short-chain acids that are eventually 
converted into CO2, H2O and nitrate. Some of these intermediates were previously 
identified by other authors in the electrochemical degradation of imidazolium ILs. 
Siedlecka et al. (2013) and Pieczýnska et al. (2015) observed the m/z = 68, m/z = 82 





and m/z = 154 species in the electroxidation of BmimCl [26,56] and Mena et al. (2017), 
besides the abovementioned compounds, detected the m/z = 73 and m/z = 102 ones in 
the BmimCl and BmimAc electroxidation [28]. Finally, reaction Gomez-Herrero et al. 
(2018) observed, as reaction intermediates of HmimCl by Fenton oxidation, the m/z = 
73, m/z = 82 and m/z = 154 species [44].  
One of the greatest advantages of ionic liquids is that they can be designed for specific 
purposes by using a suitable cation–anion combination. The composition of an IL can 
therefore influence its ease of degradation [24,35]. Table 3 shows the results obtained in 
the CWPO of BmimCl, BmimAc, and BmimNTf2 at temperatures from 70 to 90 ºC. The 
apparent kinetic constants describing Bmim+ disappearance during the reaction were 
calculated by assuming a pseudo first-order dependence on the Bmim+ concentration. 
As expected, the constants increased with increasing reaction temperature; also, there 
were no significant differences among ILs in this respect. H2O2 conversion increased 
with increasing temperature and amounted to nearly 93 % at 90 ºC, again the nature of 
the anion seemingly having no influence on the extent of H2O2 decomposition in the 
CWPO process. Nor was the type of anion used influential on TOC conversion, the 
greatest difference among ILs being less than 5 %. However, raising the temperature 
increased TOC conversion up to 3 times with all ILs, as previously observed in the 
Fenton and CWPO reactions of various organic pollutants [46,53,57], and also in the 
Fenton reaction [37,42] and electrolysis [26] of diverse ILs. The proposed pathway for 
BmimCl is applicable to these ILs; therefore, after 240 min, the reaction medium will 
contain short-chain acids (acetic, oxalic and formic), nitrates and the same intermediates 
formed in BmimCl degradation. Table 3 includes an estimate of the carbon balance 
compliance (Cidentified) at the end of each run as calculated as the ratio of concentrations 
of short-chain acids (Cacids) and anions (Canion) in terms of carbon, and the total organic 





carbon. The highest reaction temperature favored identification of total organic carbon. 
TOC was present in large amounts with the ILs containing organic anions (acetate or 
NTf2–), which are typically refractory to CWPO.  
 
Table 3. Pseudo-first order constants and results after 240 min of CWPO of 
imidazolium ILs with Fe/γ-Al2O3 catalyst. 
 
T (ºC) IL kBmim (min–1) χH2O2 (%) χTOC (%) ΣCacids (mg L–1) Canion (mg L–1) Cidentified (%) 
70 
BmimCl 2.5 · 10–2 73.2 7.3 7.9 – 8.9 
BmimAc 1.8 · 10–2 70.9 7.3 12.3 24.3 32.9 
BmimNTf2 2.0 · 10–2 73.9 10.6 12.6 24.1 34.2 
80 
BmimCl 5.2 · 10–2 79.4 21.7 10.1 – 13.4 
BmimAc 6.3 · 10–2 80.5 24.8 14.2 23.9 42.2 
BmimNTf2 6.1 · 10–2 82.0 26.2 14.8 24.2 44.0 
90 
BmimCl 7.4 · 10–2 91.2 42.7 11.8 – 21.5 
BmimAc 8.0 · 10–2 92.5 40.7 15.7 23.7 55.4 
BmimNTf2 7.5 · 10–2 92.9 40.9 17.8 24.7 59.9 
[IL]0 = 1 mM, [H2O2]0 = 27 mM, [Fe] = 40 mg L−1, pH0 = 3 
 
The nature of the anion had virtually no effect on the CWPO reaction. NTf2– and Cl– 
remained unchanged during the process; by contrast, acetate ion increased slightly in 
concentration, possibly by effect of its being recalcitrant to CWPO degradation and of 
its scant formation, together with other short-chain acids, in Bmim+ degradation [58].  
 
3.2. Influence of the alkyl chain 
The length of the alkyl side chain has been related to the degradation rate and toxicity of 
ILs [7,59]. This led us to study imidazolium-based ILs with different n-alkyl chains 
(BmimCl, HmimCl and DmimCl) in the CWPO reaction at 70, 80 and 90 ºC. For the 
different temperatures assayed, all cations were completely degraded and no significant 
differences among the concentrations of Bmim+, Hmim+ and Dmim+ versus reaction 
time for each temperature were observed (data not shown). Similar results were reported 





for Fenton or heterogeneous Fenton reactions, where a slightly increase of reaction rate 
was only observed for imidazolium ILs with alkyl chain lengths of more than 12 
carbons [39,41].  
As regards mineralization, TOC conversion ranged from 40 to 50 % and was highest for 
DmimCl as a result of its increased carbon content. Also related to TOC conversion, the 
proportion of carbon in the compounds identified at 90 ºC differed slightly: from 21.5 % 
in BmimCl to 22.5 % in HmimCl to 26 % in DmimCl. The pseudo first-order kinetic 
constant for cation degradation ranged from 7.3·10–2 to 7.5·10–2 min–1 and, consistent 
with previous results, was not influenced by the length of the alkyl side chain [39,41]. 
In a previous electrochemical degradation experiment on imidazolium ILs, those with 
the longer alkyl side chains exhibited faster degradation, their kinetic constants as 
determined with a boron-doped diamond electrode being 1.97·10–2 min–1 for BmimCl 
and 2.22·10–2 min–1 for HmimCl [26]. Based on these results, CWPO is more efficient 
than electrolysis in degrading imidazolium-based ILs.  
 
3.3. Biodegradability of the ionic liquids 
Wastewater containing ILs is usually poorly biodegradable even though IL cations with 
a long side chain can be partially degraded [20,21]. This led us to conduct CWPO runs 
of imidazolium ILs to improve the biodegradability of this type of waste. Figure 5 
shows the biodegradability of the initial and final effluent of ILs. Based on the results, 
BmimCl, BmimNTf2, HmimCl and DmimCl are not readily biodegradable [4,60,61]; in 
fact, no changes in cation or TOC concentration, nor significant variations in SOUR, 
were detected in the biodegradability tests. However, the fact that endogenous 
respiration (ca. 3–4 mg O2 gSV–1 h–1) was constant suggests that the poor 
biodegradability of the ILs was not associated to a high toxicity. Changes in SOUR and 





IL concentration exhibited a differential pattern for BmimAc; thus, SOUR increased and 
TOC proportionally decreased over the first few hours of reaction. The decrease in TOC 
was a result of degradation of acetate anion with no change in Bmim+ concentration. As 
with the other ILs, SOUR and TOC levelled off after 5 h. The CWPO effluents for each 
IL treated were subjected to the same test. In all cases, SOUR increased by effect of the 
decomposition of easily degraded species formed in the CWPO reaction (e.g., acetate 
ion). A second increase in SOUR occurred between 20 and 40 h of reaction in the 
BmimCl and BmimAc effluents concomitantly with a decrease in TOC due to 
degradation of some reaction intermediates that required pre-acclimation to the 
activated sludge. Some authors have suggested that the short-chain acids oxalic and 
formic, which are typically involved in Fenton and CWPO reactions, can be degraded 
by conventional biological treatment [52,53]. In fact, both were easily removed from the 
effluents within 50 h. No second SOUR increase was observed with BmimNTf2. 
However, a slightly decreased endogenous respiration was observed in the activated 
sludge between 30 and 70 h as a result of a decrease in microbial population. This result 
may have arisen from the formation of toxic intermediates in the CWPO reaction. As 
regards TOC degradation, the biodegradability assay revealed a decrease in TOC by 35 
% in the BmimCl and BmimNTf2 effluents, and one of 40 % in the BmimAc effluent. 
Combining CWPO and the biodegradability assay led to a total TOC conversion level 
roughly 55–60 % higher than that achieved by CWPO at 90 ºC (ca. 40 %), which was 
the highest temperature studied. The high toxicity of HmimCl and DmimCl, required 
carrying out the CWPO reactions at the maximum possible temperature, which ensures 
a greater transformation of the starting compound. The effluents present a first SOUR 
increased in the first hours as the Bmim-ILs, and a second increased at 40 h wider than 
the Bmim-IL ones. 





The Daphnia toxicity test was used to assess the effect of CWPO on the IL solutions. 
As can be seen in the Table 4 the EC50 values for BmimCl and BmimAc were similar 
but greater than that for BmimNTf2. Also, toxicity increased with increasing length of 
the alkyl side chain [7,17,62]; thus, DmimCl toxicity was more than 300 times higher 
than BmimCl toxicity. Ecotoxicity values upon CWPO exhibited two different trends. 
The Bmim-based ILs became more toxic through the production of more toxic 
intermediates than the initial ILs, toxicity increasing in the sequence BmimCl < 
BmimAc < BmimNTf2. Also, BmimCl toxicity decreased with increasing CWPO 
temperature as a result of the intermediates being converted into less toxic species. By 
contrast, the ILs with the longest alkyl side chains were much less toxic after CWPO, 
but their effluents were still more toxic than those of BmimCl. 
Table 4. Results of the Daphnia assay for the initial and final CWPO effluents. 
 
 
3.4. Catalyst stability 
A long-term experiment was carried out to assess the stability of the catalyst in the 
CWPO reaction with a view to removing ILs from wastewater. The experiment was 
performed with BmimAc because it had previously exhibited high mineralization in the 
combined process (CWPO + biodegradability assay). Figure 6 shows the variation of 
the Bmim+ cation and also TOC and H2O2 conversion at 3.33 kgFe2O3/Al2O3 h molIL–1. The 
Bmim+ concentration rapidly decreased from 1.0 to 0.4 mM and then remained at that 
 Initial solution CWPO effluent, 80 ºC CWPO effluent, 90 ºC 
IL Log EC50 EC50 (mM) log IC50 log IC50 
BmimCl 2.017 ± 0.041 104.1 1.637 ± 0.060 1.799 ± 0.068 
BmimAc 2.000 ± 0.016 100.0 1.383 ± 0.050 – 
BmimNTf2 1.913 ± 0.077 81.9 1.291 ± 0.028 – 
HmimCl 1.090 ± 0.056 12.8 – 1.679 ± 0.031 
DmimCl –0.530 ± 0.168 0.29 – 1.401 ± 0.029 





level for more than 75 h. The cation transformation resulted in an increase in the initial 
acetate concentration by 0.1 mM by effect of the formation of acetic acid. TOC and 
H2O2 conversion gradually increased while the system stabilized and eventually leveled 
off at 18 % and 30 %, respectively. In terms of short-chain acids, acetic and formic were 
detected at a concentration of 1.1 and 0.2 mM, respectively, and oxalic at a much lower 
level (0.02 mM). Based on the proposed reaction pathway for Bmim+, the reaction 
medium contained heteroaromatic compounds with an equivalent carbon concentration 
of 4.5 mM of unidentified TOC.  
The properties of the used catalyst were compared with those of the fresh catalyst in 
Table 2. The used catalyst exhibited no significant difference in pore structure (ABET = 
120 m2 g–1; Vmesopores = 0.110 cm3 g–1). As regards Fe leaching, which is the most 
plausible cause of catalyst deactivation in CWPO reactions [53,63–65], TXRF analysis 
revealed little loss of Fe during the reaction on stream, the total amount of Fe in the 
used catalyst (3.86 % w/w) being quite similar to that in the fresh catalyst. FeXPS was 
identical in the fresh and used catalyst, which can therefore be deemed stable in the 
CWPO of ILs. Elemental analyses revealed slight deposition of residual carbon (2.5 % 
w/w) on the catalyst surface which seemingly caused no blockage of active sites. The 
consistency of IL and TOC conversion in the process is correlated with the stability in 
the catalyst properties. 
 
4. Conclusions  
Catalytic wet peroxidation (CWPO) in the presence of a Fe2O3/Al2O3 catalyst proved an 
effective treatment for the removal of imidazolium ILs (BmimCl, BmimAc, BmimNTf2, 
HmimCl and DmimCl) from wastewater. Thus, Bmim+ cation was completely removed 
after 240 min at 80 ºC with similar efficiency (0.033 mgTOC mgH2O2–1) irrespective of 





the H2O2 dose used. The highest mineralization rate was obtained by using the 
stoichiometric amount of H2O2 at 90 ºC (40%). In terms of anions, the acetate 
concentration increased along reaction time, due to its refractory behavior in CWPO 
reactions, whereas chloride and NTf2- concentration remained unalterable.  
Mineralization increased with increasing length of the alkyl side chain, but the extent of 
imidazolium cation removal was essentially the same. The Fe2O3/Al2O3 catalyst showed 
a fairly low Fe leaching, below 0.05 mg L-1 in all cases. A degradation pathway 
involving heteroaromatic and hydroxylated derivatives of Bmim+ cation, short-chain 
acids and nitrate detected at the end of the reaction (240 min) is proposed. CWPO 
increased biodegradability in the final effluents relative to the initial ones and TOC 
conversion after CWPO-biodegradability process being 55–60 %. The Fe2O3/Al2O3 
catalyst used exhibited long-term stability along CWPO of BmimAc (3.33 kgFe2O3/Al2O3 h 
molIL–1); thus, it remained stable for 70 h in an on-stream experiment lasting 100 h. The 
used catalyst had essentially the same Fe content as the starting catalyst, which confirms 
the absence of Fe leaching. 
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Figure 1. Time course of Bmim+ concentration (black symbols), H2O2 conversion (open 
symbols) and TOC conversion (grey symbols) in the CWPO (circles) and Fenton 
oxidation (triangles) of BmimCl with a stoichiometric dose of H2O2 at 80 ºC. 
[Fe2O3/Al2O3]0 = 1 g L–1, pH0 = 3. Insert: Fe leaching in CWPO reaction. 
 
 
Figure 2. (a) Time course of Bmim+ concentration (black symbols), H2O2 conversion 
(open symbols) and TOC conversion (grey symbols) and (b) Fe leaching in the CWPO 
of BmimCl with 0.5 (triangles), 1 (circles) and 1.5 (squares) times the stoichiometric 
dose of H2O2 at 80 ºC. [Fe2O3/Al2O3]0 = 1 g L–1, pH0 = 3.  
 
Figure 3. Time course of short-chain acids identified in the CWPO of BmimCl with 
different H2O2 doses at 80 ºC. [Fe2O3/Al2O3]0 = 1 g L–1, pH0 = 3. 
 
Figure 4. Reaction pathway for the CWPO of Bmim+ cation with the stoichiometric 
dose of H2O2 at 80 ºC. [Fe2O3/Al2O3]0 = 1 g L–1, pH0 = 3. 
 
Figure 5. Time course of TOC (triangles) and SOUR (squares) of the initial (1 mM, 
open symbols) and final effluents (solid symbols) in the CWPO of BmimCl, BmimAc 
and BmimNTf2 at T = 80 ºC, HmimCl and DmimCl at T = 90 ºC, [H2O2]0 = 
stoichiometric dose, [Fe2O3/Al2O3]0 = 1 g L–1and pH0 = 3. Operating conditions for the 
biodegradability assay: 350 mg L–1 VSS, T = 25 ºC, t = 100 h. 
 
Figure 6. Evolution of Bmim+ concentration and TOC and H2O2 conversion in  long-
term performance of the Fe2O3/Al2O3catalyst upon CWPO of BmimAc at 80 ºC . 
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 Fe/Al2O3 catalyst was highly active in the CWPO of imidazolium ionic liquids. 
 Complete cation-IL removal was reached in CWPO reactions. 
 Chloride, acetate and NTf2 anions remained inalterable in the CWPO process. 
 CWPO of ILs enhanced the biodegradability of the effluents. 
 Fe/Al2O3 catalyst showed a high stability along 80 h time on stream. 
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